In this paper we present the theory and initial successful levitation experiments of untethered microscale structures (microflyers) using thermophoretic force. The microflyers consist of a 300 µm × 300 µm sized chassis fabricated from polycrystalline silicon using a surface micromachining process. The devices are levitated using microfabricated heaters attached to an underlying substrate. A novel in-situ masked post-release stressengineering process is used to generate a concave upwards curvature of the flyers chassis, resulting in increased pitch and roll stability during flight, take-off, and landing.
INTRODUCTION
Several novel microscale mobile robotic systems have been developed in last decade, such as electrostatically driven stressengineered microrobots (MicroStressBots) [1] , resonating stepping robots, stick-slip magnetic walkers and microscrew-based swimmers. Although flying microscale robots have not been previously demonstrated, levitation of untethered microstructures using the thermophoretic force has been previously proposed in [2] .
In this paper we present the first experimental validation of successful untethered levitation of 300 µm × 300 µm sized microscale structures (microflyers). The device is actuated (levitated) by Knudsen force generated by an underlying microfabricated heater. This is the first validation of potentially a new type of actuation mechanism for MEMS structures, which may pave way for new class of free-flying microscale robots.
The microflyer chassis was fabricated using a surface micromachining process. To stabilize the device during flight, the chassis was curved out-of-plane using an in-situ masked MEMS stress-engineering process.
KNUDSEN FORCE
When two separate objects at different temperatures are surrounded by a gas there is a force experienced by each of the objects known as the Knudsen force. The underlying mechanism for this force is the momentum imparted from the heated gas molecules onto the lower temperature object is greater than the momentum from the slower molecules striking the opposite side of the object. This force is strongest when the distance between intermolecular collisions and the separation distance are comparable i.e. their ratio is close to one. A relationship for the force between the temperature of the heated surface and a microcantilever was found by Passian [3] to be:
where A c is the surface area of the microflyer, P r is the pressure of the surrounding gas, Tr is the temperature of the surrounding gas, and T s ', T cb ', and T ct ' are the temperatures of the reflected gas molecules after colliding with the substrate (heater), carrier bottom (bottom of the microflyer), and carrier top (top of the microflyer) respectively.
DEVICE DESIGN
The initially planar microrobot chassis was fabricated from polycrystalline silicon (polysilicon) using a multi-user MEMS fabrication process. The flyers and the heaters were released in hydrofluoric acid (49% HF), and out-of-plane curvature was generated using a novel post-release stress engineering process. Figure 1 shows a scanning-electron micrograph of two of the stress-engineered microflyers that were successfully levitated during our experiments. 9 Pa. The curvature can be controlled by varying the cross section (between cantilevers ii, iii, and iv), attaching fixed shadow masks (cantilever v), or using reconfigurable in-situ fabricated shadow masks (cantilever i). Sacrificial shadow-masks were also used to limit the curvature of the microflyer in Figure 1 The microflyers are fabricated attached to the transfer frames to enable successful transfer and placement on the heater prior to levitation. Figure 3 shows an optical micrograph of a transfer frame [1] . Microprobes inserted into the hinges of the transfer 
EXPERIMENTAL RESULTS AND DISCUSSION
We demonstrated both the actuation of microfabricated test structures using the Knudsen force, as well as the levitation of the untethered microrobot. Figure 4 shows the elevation of a tethered hinged test structure (as shown in the inset optical micrographs) using thermophoretic force generated by an underlying heater. These experimental results confirm our theoretical modeling of the thermophoretic force. Figure 5 shows images of microflyers prior to take-off, mid-flight, and after landing, in two separate levitation experiments. Because the heater was approximately the same size as the microflyer, the device would always translate towards its periphery. As expected, landing would occur as soon as significant part of the microflyer chassis would transit outside of the heated area. The results from repeated levitation experiments using both stressengineered and flat (not stress-engineered) microflyers are shown in Table 1 . Successful microflyer levitation occurred in 85% of experiments using stress-engineered devices compared to 0% in the case of flat devices of otherwise similar geometry. In both cases, identical take-off power was applied to the heater. The experiments show that the stress-engineering process is instrumental in increasing the in-flight stability of the levitated microstructures. 
CONCLUSION
We present the theory and experimental results demonstrating that concave stress-engineered structures are capable of achieving reliable untethered levitation using thermophoretic forces. Levitating microstructures present a novel mechanism for microrobot actuation, and enable many future applications in areas such as assembly, micromanipulation, and surveillance. As the thermophoretic force can be generated by heating the wings of the flyers rather than by using underlying heaters, the levitation mechanism demonstrated in this work may enable the development of future untethered aerial microscale robots.
